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NOTATION
Cross-sectional area of developed blade section
Coefficient for calculating area (as used in Reference 11)
Coefficient for calculating IX (as used in Reference 11)
Nondimensional section length ©
Percént chord from leading edge to center of pressure
Drag coefficient of blade section
Lift coefficient of blade section
Percent chord from leading edge *c point of maximum thickness
Percent chord from leading edge to any point along chord
Coefficient for calculating Iy (a5 used in Reference 11)
Centrifugal force on differentgal element of blade mass
Differentiél distance along chord
Differential element cf blade mass
Nondimensional differentisl distance along radius
Differential distance aliong radius
Differential distance in y - direction
Differential distance in z - directuion
Differential of angle ¥
Maximum moment of inertia of blade section about section centroid

Moment of inertia of blade secticn about the axis parallel to
osetail line and passing through section centroid "as used in
Reference 11)

Moment of inertia of blade sec-ion about the axis perpendicular to
fose=tail line and passing through section centroid (as used in
Reference ll)

Minimm moment of inertia of blade section about section centroid
Product of inertia cf blade section with respect to axes in plane
of section parallel and perpendiculer to direction of advance and
passing through point of intersection of spindle axis and blade
section

Product ¢f inertia of blade seciion with respect to axes through
section centroid parallel and perpendiculer to direction of

" . advance

Length of blade section

Maximun camber of meanline
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Effective horsepower
Sheft horsepower
Static pressure at point on blade

Centrifugal component of blade spindle torque, positive in directiorn
towards larger positive pitch settings

Differential centrifugal spindle torgque due to centrifugal force
distribution over blade section

Differential centrifugal spindle torque due to centrifugal force
or. element of blade mass

Hydrodynamic component of blade spindle torgue, positive in
direction towards larger positive pitch settings

Differential hydrodynamic spindle torque at one blade section
Freeestream dynamic pressure
Prcreller radius .

Offset of section from arbitrary spindle axis due to rake, positive
towards downstream of flcw :

Radius of any propeller blade section
Radius hub section

Offset of blade section due to skew, offset towards trailing edge
positive o=

Thrust deduction fraction
Maximum blade section thickness

Component of distance from spindle axis to any given point on chord

in plane normal fo propeller axis ositive towards direction of
1Y ’

rotaticn

Ship velocivy
Velocity of adwvance
Resultant inflcw velocity

Component of distance from spindie axis to any given point on chord
in plane cof spind.e axis and prcpeiler axls, positive towards forwari
directicn of adgancs

Effective wske fracrtion
Local wake fraction [circumferential average of axial wake)

Coordinate of section cen~roid in direction of ncse-tail
measured from half-chcrd point, positive towards ieading
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Nondimensional radius, r/R
. o i . . r
Nondimensional radius ' f It section "h/R

Coordinate of _eading
line as measured from

o m

~t

o of section in direction of nose-tail
irn centroic (as ag2ed in Reference 11)
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Component of distance from spindle axis to any point on blade .
section &s measured along blade section, »positive towards -
direction of rotation

Component of distance from spindle axis to section centroid in
plane normal to propeller axis, positive towards direction of
rotation

g

Coordinate of section centroid in direction perpendicular to

nose-tail line as measured from nose-tail line, positive towards
back of section

Coordinate of leading edge of section in direction perpendicular
to nose-tail as measured from section centroid, positive towards
back of section ( as used in Reference ll)

. Component of distance from.spindle axis to any point on blade
section in plane of spindle axis and propeller axis, positive towards
forward direction of advance

Component of distance from spindle axis to sectiol centroid in »
plane of spindle axis and propeller axis, positive towards forward

direction of advance . . .
Angle of- attack at which the section is operating . .
Advance angle y ) . ) .

Hydrodynamic pitch angle .

Angular dispracement from'spindle to any point on blade as meas-
ured about propeller axis in a plane normal to the propeller gxis,
positive towards leadlng edge

Rake angle measured from propeller dlsc, pos1t1ve ,after-rake

Arbitrary angle through which spindle axis is rotated
. . ] -
Density of fluid . . . . U

. .

Density of propeller blade

Pitch angle of the blade section, positive for ‘forward pitch

settings . .

Pitch angle of blade section at the hub, 9031t1ve for forward
pitch settings

.

Angular velocity of propeller (radians/unit time)
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. ABSTRACT
. A procedure for calculating the spindle torque and for

1"

determiniﬂg the "optimum" spindle axis iccation of a controllable-

‘pitch propeller at design condizions i presernted. From the
blade geometry and theoretical pressure distribution the hydro-
dynamic. and centrifugal forces acting on the tlade are obtained,
and from the distribuhion of “heze forces the spindle torque is
calculated. The cphimum spindie axisg locabion is then determined
by an iteration precess. An example 1g irncluded so illustrahe

the preocedure.

. ZNIRODUCTION
A controliabhle-piteh propeller is defined a- ~ prope.ler ir which the
piteh can be changed during pripeiler cperasicn ty turning <272 blade about
.

.
a radial or near radial axis, 7Thiv pischecharnging exis 18 caliied the

spindle cxis. There are two types, of forces atting on a propeller blade
.

%
[ . -\ . . . ~ . L.
under®operating condition: i} hydrciynami; forces composed of lifting
. L
forces (due to the presgure dis-ribution) and viscous drag forces, and
(2) centrifugal forces (Que *- ‘he rotarning tiade mass). The distribution of
L]

L ]
these ferces nver thresklade preodoses 8 'crgue about the spindle axis. This
L]

torque is cdlied rhe spiqdie trjue T+ 1& desirat’= % have the maximum
*
spindle %“orgu~ enzhunhared anaer vrdlnary ~perzting conditionc as small as
*

possible 1r order tc wirimize Yo maximun L.2af piaced apon the pitche-
chang;ng mechaniszm. Thir rep-rs preic=t- an aprroximate mernod of lecating
the cpindle axis of any given clzde Lo as -0 proguce zerce spindle icorque

at design conditine erd, ror coosvrorlal oseritoh propellers with previously

located spindle axe:, of caicilating the pindle = rque ab design con wditions,

A controllable=piteh rroreller .- oG] ally the same - . :

procedure as an orailnary iixed-pivch propeller - i1 the nagnitude

of the spindie torgue mur* al<c te taken inito conocideration. Y.ch design

arameters ac blade rake, blade KkKew, .21 2utline, type of blade gection
" b s 2 s ) '
desi itch distribution, and :spinale axir _ocahion greatly influenc .
b b
the magnitude of .pindle vrragwe . Tin Phe celanionships for the variatie-
1]
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of pressure distribution and centrifugal force distribution on a propeller

Eﬁ blade over the range of operating conditions (forward, backing, and tran-
sient conditions) follow different laws, the hydrodynamic an&’centrifuéal
components of the blade spindle torque cannot be made to balance over the
entire operating range. However, the parameters can be chosen so as to
minimize the largest spindle torgue that will be encountered under any
operating condition provided the effects of the various parameters upon
the magnitude of the spindle torque are known throughout the range of
operating conditiorns and a method of calcqlating the spindle torque for
any condition is awvailable. . -
Additional compromises, depending upon the application of the pro-
peller, must be made in the propeller design. For harbor tugs, in which
backing is an imporxrtant consideration, some sacrifice of forward performance
mist be made in ofder to obtain better backing characteristics. Symmetrical
or slightly cembered sections may be employed to obt;in a more favorable
pressure distribution and better cavitation characteristics under backing
conditions. A pitch distribution with reduced pitch at inner sections of
Eﬁe propeller blade at forward pitch settings is necessary to prevent the
inner blade sections from having a positive pitch at negative nominal
*pitch settings. For propellers producing greéter speed and powef, large
compromises in camber and pi*ch distribution cannot be made without great
sacrifice in full speed ahead performance due to cavitation considerations
at full speed ahead. The inner sections of the propeller blade must be
made thicker than for comparsble fixed-pitch propeliers due to the unusually
high blade loadings encouhtered under trensient conditions during emergency
stopping and backing cperations.
In order to permit the housing of the pi*ch-changing mechanism, the
hub size must be somewhat large on & contrcllable-pitch propellier than
on a fixed-pitch pxopeller (hub diameter ratio of order of magnitude of
- .30 to .35 for a controllable pitch propeller).,1 This larger hub size
: will cause only a slight l¢ss in maximum propeller efficiency {or order
of magnitude of 2 percent or less)l provided- the hub and biades are
properly faired. Due to space limitations near the hub, the number of

€

blades must often be limited to three.,2

1 References are listed on page 29.
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There is little quantitative information available on the effects

of the various parameters upon spindle torque. Rusetskiy and Favorskaiaj

investigated the effect of blade outline and nominal pitch ratio upon

the hydrodynamic component of spindle torque at deaé pull conddtion. They
developed a relationship whereby section angle of attack is obtained for
any pitch setting at dead pull conditions. The section moment coef-
ficlent is then obtain from standard airfoil dats, and by use of a
"coefficient of compensation" (dependent upon the location of the spindle
axis), a representative spindle torgue 1s obtained from this moment coef-
ficient. Calculations are perfcrmed for three blade outlines and geveral
nopinal pitch ratics over a complete range of blade pitch settings.

When the present investigaticn was almost completed, the author dis-
covered a method of calculating spindle torque devised by Van de Voorde.LL
Van de Voorde presents a somewhaﬁ different approach to the problem of
calculating the spindle torgue than that of the preent paper. The dif-
ference lies in the methods by which the calculations are performed. Van
de Voorde calculates the hydrodynémic component of blade spindle torque by

use of moment coefficients of standaxd NATA airfoil sections and centrifugal

'component of blade spindle torque by direct integration throughout the.:

entire blade mass of the differential torgque due to the gentrifugal force
on* each element of blade mass. 5 .

In the éresent report, *r= optimum srindle aiis i.e., the radial
axis about which the net teorque due *c -he foress on the tlads is zero)
is determined by a% itera~icn process in which ne xpindle trrgue is cal-
culated about successive apprcximation: *. the rp*imum spindle axis.

The hydrcdynamic compcnent. of biads -r.nd.e torque is caicuiated from
the theoretical pressure distributicm over tne biade surfacgg Tha *hec-
retical distribution over =ach biade sezticn is obtained,s’o and “re gis-
tance from any pcin*® cn the blade wc the initiai spindle axis 15 23leulated
from the blade geometry. The *tcrjue due o the pressure at each ~f a serics

of points along esch secticn is then caliculated, and this differential rorgue

WA
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distribution is numerically integrated, first along each blade section and
then radially from root to tip, yielding the total hydrodynamic component
of spindle torque.

A method of calculating the componeht of spindle torqué dde to the
centrifugal force distribution over each blade section in terms of the
moments of inertia of the blade sections is developed and ﬁsed. Numerical
integration of these differential spindle torques is perférmed radially
from root to tip, yielding the centrifugal component of blade spindle

torque.

" GENERAL CONSIDERATIONS

The shape of the blade sections and the operating conditions of the
biade fix the static pressure distribution and the centrifugal forée dis-
tributions over each sectipna If a relationship épproximating these dis-
tributions can'be obtained from the cperating conditions, then the method
of apprbach to find the spimdle torque is to integrate the force distrfbu-
tion over each section to find the resultant secticnal torque,and then
integrate these sectional spindle toréues radially *  find the spindle
torque of the entire blade.

The hydrodynemic component of blade spindle tc:r3 e .s due to the
chordwise static pressure distribution over the ble - cections. The
pressure, distributican over a given airfcil section is a fuﬂction of the
angle of attack and the velocity of the fluid flowing over it. Thus for
a propeller blade sectinn,the pressure distribution is a function of the
rotational velccity and the velocity cf advance.

For an airfoil sechion, the "basic" pressure distribution; thau is,
the pressure disiributiorn at ideal angle «f aitack,6 iz & function of the
section shape. The loca*“ion of the cernter of this pressure‘distribution
is slightly forward of the half-chord psint for ordainary ate#foil cections
and is.a function of the type of mean iine wsed. Vor the uniform load 1lin-
(a<n 1.0 mean line), this center of pregsure is very near the 1/2 choré
point and for mean lines with & calculated decrease in .cading cver the

year portion of the section (such as a = 0.8 mean line),this center of
9
pressure is closer to the leading edge .’

L




The center of the "additional"6 pressure distribution; that is,
pressure distribution due to angle of attack as measured from ideal angle
of attack, is located at approximately 25 percent of the chord from the
leading edge for all sections.6’7 The magnitude of this additional pres-
sure distribution increases with increasing angles of attack and thus the
center of pressure of the sections moves towards the quarter-chord point.

If the propeller is designed so that the sections operate at ideal
angle of attack a! design cperation conditions, the pressure disiribution
over each section at design conditicns will be the basic pressure distri-
bution. As the advance coefficient decreases, the angle of attack becomes
. larger than design angle c¢f attack, the additipnal pressure distribution
increases in magnitude, and thus the center of pressure on the blade
sections moves toward the guarter-chord pcint.

In the design of a propeiler, the desired 1lift and hydrodynamic
pitch angle at each radius are determined and theén a section is-gelected
to produce the desired lift in two-dimensional fiow. However, if the
propeller were buiit with the “wo-dimensicnal sections (same camber and
angle of attack) laid along the helices, the propeller would be found from
experience to be underpitzhed. The deficierncy in pitch is due to "three-
dimensional effects” in the propeiler. These three-dimensicnal-effects
are compensated for in *he design by spplying correcziicn fachtors to the

camber and angle of at-ack a- ezch section. With *hese ceorrection

factors, prcopellers are designed <hat develop the desired overall
! characteristics (thru:+, pitczh, cavita-icn suppreszion, etc.), but tre
1ift distribution over each secticn is nct rececrarily the same as th=u
over the two-dimensicnel section frem which it waz developed.

The actuai 1ift distributicn approxime:®es the twe-dimenecicmel lilw
distribution cnly to the degree tha' the correctica factors adjust tlae
two~dimensional secticns o the a~iual “nree-dimansicnal flow Tritern ¢
along the blade section. In ~r< present propel.er design metwod, the
correcticns are based cniy «n certain positions - <he zeztion, not
3 continuously along the secticn. Hence, there iy no way of theoretically
' determining the true rhree-iimens:icnal 1ift distribution, and since no

accurate experimental measurement of *he aciusi pressure dis*tributicn

NIt
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existing over a propeller blade has yet been made, it will be assumed that
the lift distribution is to be the same as the two-dimensional 1ift dis-
tribution; that is, the correction factors applied in the propeller design
are assumed to exactly adjust the section from the two-dimensional flow to
three~dimensional flow.

In the calculation of the pressure distribution the blade sectinns
are assumed to operate continually at the mean inflow velocity and angle
of attack. But in actuality there is a wake variation which might, in
the course of one revolution of the propelier, cause significant variation
in the sectional angles of attack and hence in the pressure distribution
and spindle torgue. This could cause instantanecus spindle torques of much
greater magnitude than those calculated at the mean flow conditions. Thus
a' reasonable factor of safety should be applied to any spindle torque
calculations based upon mean flow conditions.

The centrifugal component of spindle torque arises from the centrifugal
force acting rsdially outward on each increment of the blade mass of the
rotating propeller. This component of spindle torque is due to the Tact
that, in general, the centrifugal force on each increment of blade mass
has a component in the plane normal to the spindle axis.

Such design factors as-the amount of blade rake and skew have a large
effect upon the magnitude of the blade spindle torque as they offset the
sections from the radial disc line. Large amounts of rake and skew are
rnot generally used for rcontrcllable-pitch propeliers due to clearance
limitations over the range of pitch settings.

The spindle axis is usuaily radial, but for sppliications in which
stern clearance is a problem at negative pitcn settings the spindle axis
is SOmgtimes sloped in the af*ward directicn. For the purposes of cal-

culations in this report the spindle axis i1: considered to bte radial.

. PROTCEDURE
The primary problem considered is: given a ©iade desigh withcout the
spindle Tocated, find ine locaticn of the spindle sc that the torque about

the spindle axis due tc *ns forees acting «»n the blade at design conditions
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is zero. This "optimum" epindle axis location is determined by an itera-
tion process. The torque is first calculated abut a selected abstract
exis and from the magnitude of this torque, a second abstract axis is
determined which better approximates the optimum spindle axis location.
S ~cessively closer spproximeticns to the. optimum spindle axis location
are made until the calculated torque about an axis is sufficiently near
zero, this final axis being the determined optimum spindle axis location.
Thus to obtain zero torque at design conditions the spindle should be
located so that the actual axis of twist is this optimum spindle axis.

As a convenient starting point, the first abstract axis, called the
"initial spindle axis"' is taken as the projection of the pitch reference
line in a plane normal to the propeller shaft and intersecting the pitch
reference line in the séction at the hub. This location is selected
because the pitch reference line passes.through the chord line of each
blade section &nd serves as the reference line when delineating a screw
propeller.9 Thus a relatively simple expression for the distance to this
initial spindle axis from any point on the blade can readily be obtained
from blade geometry. For subsequent abstract spindle axis locations,
the expressions for distance are slightly more involved. For unskewed
blades with maximum thickness at the section half-chord point, the pitch
reference lire passes through the half-cﬁgrd point of each secticnj; for
skewed blades it usually, but not always, passes through the half-chord
point of the section at the hub,9

A second type problem that can also be solved by the method of this
report is: given a completely designed tlade with the actual spindle esxis
location already fixed, find the spindle torqﬁe at design conditions. 1In
this case, the spindle torque is directly calculated about the actual

spindle axis.

HYDRODYNAMIC COMPONENT OF BLADE SPINDLE TORQUE

The hydrodynamic component of spindle torque is calculated from the
pressure distribution over the blade surface. The pressure distribution
may be determined by any available means since it is an input to the

method of spindle torque calculation, For NACA sections the pressure

. 7




je—— INITIAL SPINDLE AXIS
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Figure | - Propeller Isometric Showing Hydrodynamic Forces
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SECTION AT HUB
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SPINDLE AXIS
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Figure 2 - Diagram of Hydrodynamic Forces
and Distances to Initial Spindle Axis
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distribution ey be obtained quickly by the NACA approximate method.6
For such sections operating at ideal angle of attack,the pressure dis-
tribution and center of pressure are functions only of the type meean line
and may be obtained directly from NACA data. For propellers with blade
sections which are not of NACA type, the pressure distribution may be
obtained by the AVA approximate method,5 This method may »z used to
calculate the pressure distribution over a body of arbitrary shape from
the ordinates measured from the longest chord contained within the btody
and the operating angie of attack measured from this chord. The big
disadvantage to this method isg the tediousness of the work involved.
Although the calculztions ere programmed for the UNIVAC highe-speed
computer,lo the ordinates must be measured ~»n large-scals drawings

(48" chord) for nonmathematical sections, and the pressure is cbtsined at
inconvenient stations aloag the chord.

The lift and center of pressure of each blade section are obtained
by integration of the pressure distribution (assumed %o act normal to the
velocity past the section, this veiccity being the resultant inflow
velocity to the section;. The viscouz drag coefficient is obtained
from NACA datq? and the drag force acts 8t the center of pressure in the
direction of the velscity pasw *he gection. These 1ift and drag forces

for each blade section are then d=composed int? axizl and tangential com-

ponents. From the gooresric characteristics of the btlade, expressions are
derived for the disztences from tre i2idtial pisdle axis Lo any axial and
tengential forcs on tre blzde The A4S mar=iz2 emindle torzuc duc o tho
1lift ana drag on each bHlade gectinsn 1o when computed. These ditferential
spindle torquees are “hen -radislly -rtegreted cver thte bliade from root to
tip, ylelding the hyirodynamic ccompunsnt °f spindle 4orgue sbout the
spindle axis. Tre differen~ial hydrodynaxi: component of blade spindle

torque at each radiu= is given by (ses

. .

L?A(C}_ coS/S - CD SW/S‘)* vic, sinGBp t cos/s‘ﬂ/a Vz,( dr [1]
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where u and v, the tangential and axial components, respectively, of the
distance from the initial spindle axis to the center of pressure are given
by:

W=r siN [( e >1-5x] cos ¢ [2]
r

e [/c m>Ce)p —s ] sing - Ra [3]
1CC ’

For any given two-dimensional pressure distribution, the 1ift coefficient
is:

1 dCs (4]

back

Cszfli(% )f-a.ce - (70/9»)

and the center of pressure (in percent chord from leading edge) is

f[("’ = (%), ¢ G [5]

The drag coefficient, CD, Por standard airfoil sections may be obtained
from experimental NACA data. At design conditions, the drag contribution
to spindle tcrque will be very smell, since the blade sections are generally
designed to operate at ideal angle of attack where the drag coefficient
is & minimum. ' .

At off desigrh conditicns, the sections will nct in general operate at

design angle of stteck, subsequently the drag coefficients may be manry

‘times greater tha. ot design conditions and +the spindle torgue due t0 drag

may become more significan*.
The dynamic pressure, g, -is based upon the resultant inflow velocity,

V_, hence:
r

~0
t
Nof~—
0
~
o~
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where

Vr‘ = VH COSQ% "é) for free ruaning propellers [Ta]
SIN

VI" = V ( )—Z)x) COS(é; '2§) for wake adapted propellers [7b]
SIN/S

From the propeller design calculations, the values ofVVA, v, LA ﬁi s ﬁ,
and o are known &t design conditions. The only other nceded quantities
are geometric characteristics of the propeller (Ra’ SK’ 1,¢, Cm, R)
which can easily be obtained from the propeller drawing or design calcu-
lations. The sign conventions are chosen so that spindle torques tending
to rotate the blade toward larger forward pitch settings are positive.
Ra is the offset of a section from the spindle axis due to rake and is thus
the offset of the section from the propeller disc minus the offset of the
section at the hub from the propellier disc. Hence for a propeller with a

rake angle cs , the offset of the section at radius due to rake is simply

-—

N = (r-r ) tan (8]

a
a

The hydrodynemic component of blade spindie torque is then obtained
by integrating Equation 1 radially over the blade from root to tip:

Qp * /5 RILu(c a;sﬁc- -G SWA)W‘(QSI% +G COSA‘ﬂ V:Jx [9]

h

CENTRIFUGAL COMPONENT OF BLADE SPINDLE TORQUE

An expression is derived which expresses the differential centrifugal
component of spindle torque at each radius in terms of the maximum and
minimum moments of inertia of the blade sections, the blade sectional area,
and the axial and tangential component distances from the spindle axis to
the blade section centroid. The maximum and minimum sectirnal moments of
inertia, the location of section centroids, and the sectional areas are
estimated by the method in Reference 11. From the geometric characteristics

of the blade, expressions are derived for the axial and tangential component

12
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distances from the spindle axis to the section centroids. Radial integra-
tion of these differential spindle torques yields the total centrifugal
component of blade spindle torque.

The differential centrifugal component of spindle torque at each

radius is approximated by:

Q’ ____obwz[(l‘mnx - IMIM) SIN2¢ +H\?§ CJ’:'* [10] -
¢ 2

e values n in uation 10 relative to e initial spindie is
Th 1 of Y and Z Equat 10 relatd to th itial spindie axi

are calculated from the gecmetric characteristizsz of the blade as follows:

Y= SN L( Can>50) - S X, | cosgS -Y s;ugb} [11]

Z= [(723050 [‘SK"'XC:)S’NSb +Y. cOS ¢ -Fa [12]

Reference 11 presents a simplified approximate method for calculating

Imax’ Imin’ Xc, YC, and A fer airfoil sections of the type commonly used

in propeller design. For other *‘ype secticns these values may be obtained
by numerical integration. These sezticral geomeric characteristics in
Equations 10, 11, and 12 refer to the prddection of the developed sections
in aplene normal to the spindle axis, but the values for the developed
sections may be used as close approximationég. The ciher gecmetric charace
teristics in Eguations 10, 11, and 12 cen readily be obtained from the pro-
peller drawing. The %total centrifugal bvlade spindle torgue is then cbtained

by integration of Equs*ion .0 over the blade from hub to tip:

i
- 0, cRf [‘I “Luwd w24 4573 o 13!
Kn

* The derivation is presented in the appendix.
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CHANGED LOCATION OF SPIyDLE AXTS

After the spindle torque has been calculated about the initial
spindle axis, successive spindle axis locations are chosen and the spindle
torque calculated about these axes in an effort to find the optimum spindle
axis location. For convenience of calculation, these axes are taken radi-
ally through the chord of the section at the hub in & plane normal to-the
propeller axis. Thus all axes lie in the helieal surface with pitch
equal to that of the section at the hub at design pitch setting. Hence
each axis can be regardzd as rotated from the initial spindie axis by an
angle, say © , about the propeller axis and shifted axially from the
initial spindle axis, a distance of rhe tan¢h,

The distances from the new spindle axis locabion to the compereats
of forces on the blade are “hen;

(1) for the hydrcdynamic biade spindle torqgue

/Com =~ C,
U= I </u?( 6o c)/( SK] cos cb - 6} [14]

N [(%c)j - SK.] SING =Ra-rp & tang, [15]

(2) fer the centrifugal blede spindle Lergue

?:rsw[ ‘CCO)’e SKH( ‘054 esvd '97 ]
\
-

Z[_Z )1 S u(]s NG + Y2054 B -n, 8 tand, [

Shifting the spind‘e axis wowards the Leeding edge decreases the

distance to the 1ift forces near %he _ezading edge »f the seciisns and
increases the distance 50 the ift rcers near the trailing edge of the
sections. This hzs the effect of shifting *he hydrcdynamic spindie torque
at design onditicn: toward negative values (tending towerds lower pogi-

tive pitch settings;.

167
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Since the direction of movement of the spindle axis is in a helical
surface with pitch equal to that of the hub se&tion, the spindle axis
movement, at each radius is in the general direction parallel to the section
chord at that radius (see Figure 5). Due to the radial pitch variation,
it is not actually parallel to the chord. The direction of spindle axis
movement is nearly perpendicular to the 1lift forces, and thus movement
is in the direction so as to have the maximum effect on the hydrodynamic
blade spindle torque.

The centrifugal blade spindle htorque is’ due 1o the component of
centrifugal force in the plane normal to the spindle axis., When the spindle
axis is moved, the distance to each increment of centrifugal force is
changed by the axial distance which the spindle axis is moved (see Figure
6) and the compcnents of centrifugai force in the plane normal to the
spindle axis are slightly changed due %u the angular movement of the
spindle axis. The centrifugal component of spindle torque is thus expected
to be much less sensitive to s;indle axis location than is the hydrodynamic
component of blade spindle torque.

Shifting the spindle axis towards the leading edge of the section
at the hub at design pitch setting shifts both components of the section
centroid offset from the spindie axis (Y and Z) towards negative values.
For blades with after rake snd positive skewback, both Y and Z are nega-
tive and shifting the spindle axis *owards ihe _eading edge increases the
negative centrifugal component >f spindle -orgue Que tc the offset
centroid.

Thus, for & propeiler with afner rake ard proiiive skewback,shifting
the spindle axis towards the leaaing edge i the hub rectiorn will cause
both the hydrodynemic and centr:fugai comp~zenss of spindle torque 4o
change toward negative values snd +~he change in *the hydrodynamic component

can be expected to be much gree’.~r than the change in centrifugal component.

OFF-DESIGN CCNDITIONS . e
The method oublined ir. this rep:rt for calcu;atingf&h? spindlie torgue

mey be appiied over the complete range: of parating conditions (range of

18
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loadings and pitch settings) provided that the pressure distribution and
centrifugal force distribution are known at each condition. By the cal-
culation of spindle torque about several spindle axis locations over the
complete range of operating conditions, the spindle may be located so that
the maximum spindle torque encountered under steady-state conditions will
be as small as possible, regardless of the operating condition at which
this maximum occurs.

The pressure distribution over a blade section is a function of the
effective geometry of the section (thickness and camber) and the angle of
attack at which the section is operating. At a given pitch setting, the
geometry of each blade section temains unchanged but the angle of attack
at which each section is operating varies as a function of the propeller
advance., References 12 and 13 give approximate methodé of calculating the
section angles of attack at off-design advance. These methods are meant
to apply to fixed pitch propellers but, for lack of a better method, they
could be used for a controllable-pitch propeller at off-design pitch
settings. As the blade is rotated about the spindle axis, the section of
the blade cut by a cylindrical surface, wheose axis coincides with the
propeller axis, changes. Since for flow considerations, a blade section is
considered as located at a constant radius, the effective blade sections
change as the blade is rotated about the spindle axis. This complicates
the problem of determining pressure distribution at off-design pitch
settings. For a helical surface rotated ebout a radial line, Reference
14 gives a method of determining the deformsticn of this surface from a
helical surface through twce reference pointe orf the original surface in
its displaced position, at each radius in gquestion.

The centrifugal component of spindle torgue is a function of pitch
setting and angular velocity but is not a function of blade loeding. The
effective change in blade section shape is small and its effect upon the
centrifugal spindle torgue is probably insignificant. If the effect of
variation in section geometry is ignored, the centrifugal component of
spindle torque varies only as a function of the propeller angular velocity
and the pitch angle of each blade section; thus it can be calculated over

the complete range cof operating conditions without great difficulty.

19
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For applications in which the pitch setting must be reversed
rapidly for maneuvering purposes, the magnitude of the spindle torque
during transient periods becomes important. Due to the complex and
unsteady nature of the flow during emergency shead and emergency astern
operations, it is difficult to estimate the pressure distributions for
these conditions. Experimental study seems to be the best approach to
this problem.

EXAMPLR )

An example calculation will now be performed to illustrate the
procedure.

The calculations will be performed on the propeller from Appendix
2 of Reference 8 in which the design calculations for the propeller
are performed. By referring to Reference 8, the reader can more directly
see what quantities are available for the calculation of the spindle
torque and how these quantities are obtained. This example propeller is a
fixed-pitch propelier but at design conditions the geometry of a controllable-
pitch propeller is almost identical to that of a fixed-pitch propeller
designed to operate at the same conditions. .

The design conditions for this propeller are as follows:

V = 21 knets

Pe = 13,000 ehp
P_ = 17,500 skp
rpm = 102

w = 10.68 rad/sec
Diameter = 21 ft
w_ = 0.20
t = 0.15
The type blade section used in this propeller is the NACA 66 section
with parabolic tail and a = 0.8 mean line. ' ‘
The problem considered in this example is: given the fully designed N ¥
propeller, find the location of the spindle so ihat the spindle torgue
will be a minimum at design conditions. As a good starting point. the

torgue will e calcuialed agout the initial spindle axis.

%
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A) HYDRODYNAMIC BLADE SPINDLE TORQUE

Properties of the additional blade sections at x = .925, .95,
and .975 were calculated in order to get a clearer pilcture of the
radiel spindle torque distribution in the region near the blade tip.

Step 1 - The center of pressure of the blade sections is determined.
This propeller design is based upon shock free entry so that all the lift
is produced by camber. Hence, assuming the propeller sections to operate
at the conditions ‘for which they are designed, the pressure distribution
over each section is simply that produced by the NACA 0.8 mean line as
given in the NACA data.  Thus Cc = 45.2 for each section (0.8 mean
line distribution and gquations 4 and 5).

Ster £ - The distances in the axial and tangential directions from
the initial spindle axis toc the section center of pressure are determined
(columns 6 and 7).

Column (See page 23)

2 1 from design calculiation

3 SK from design nalculations

b 95 from design calculations

5 R Equation (8); from design, S = 7.5°

6 u Equation (2; C, = 45 for NACA 66 section
7 v Equation (3;

Step 3 - The sectinn hydrodynamic compcnent of blade spindle ftorque

is then calculated

8 (l—wx} from design calculations

9 cos(/%vﬂ) frem design calecuiations

10. ' siqﬂ from design calculia%ions

11 V_ Equation (7b)

12 CL from design calculations

13 cosB, from d.rign cal:ulenions

14 siqﬁ% from decigr calculabions

15 Q', Eguatisn 1, Cy = 008, /g: -099 lb—;e

Step 4 - The hydrodynamie compunent >f blade spindle torque is
obtained by integretion of Equatio 1 from rmot to %ip.
16 Simpson's Muitiviier
17 Simpson's Product ~ :~lumn 15 times column 16
Qb = E‘%%ES- (2 esiwan 17)
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B) C@NTRIFUGAL BLADE SPINDLE TORQUE
The NACA 66 section with parabolic tail and a = 0.8 mean line is used

in this propeller. The equations for estimating the geometric character-

istics of this section are given on page 358 of Reference 8. The following

quantities are estimated by these equations:

A = .963 (at /l) 12 (a from Figure 24, Reference 8) [18]
x, = 4&2 - Xy
x, = (.500 - 473 + .026 mx/l) 1 [19]
Yc = “yl
= +(.155 tx/l + 0.80) (mx/l) 1 . [20]
. Iﬁin =TI (assuming the major axis of the section ishparallel to the
nose-tail line) .
= 9U5 b (mx,/l)2 + .0L48T7 (tx/l)j 1 : [21]
(b from Figure 25, Refereuce 8)
I = assuming the mgnor ax s of the section is perpendicular
max = Tyo (23°ping the minor axy * PErP
= .91k (c) (tx/l) 1 (c, from Figure 26, Reference 8) [22]

The geometric properties of each blade section are then calculaked

as follows:
Column (See page 25)

2 tx/l known from design calculations
3 mx/l knowvn from design calculations
4 1. known from design calculations
5 a Figure 24, Reference 8-
6 b Figure 25, Reference 8
T c Figure 26, Reference 8
8 A Equation 18
9 Xc Equation 19
& 10 Yé Equation 20
é 11 Imin Equetion 21 ‘
% 12 Imax Equation 22

The location of the section centroid relative to the spindle axis is then

found.
213 Y Equation 11 '
1z Equation 12

2h




1 2 ¥ 3 b 5 6 7 8 9 10 11
x t. /1 mx/l 1 a b ¢ A X D4 I

tet) (263)  (g8)  (et) (£t

0.2 0.1900 0.0349 '4.620 0.7481 0.0097 0.04355 2.922 0.1294 0.1325 0.1.%%
0.3 0.1434% 0.0360 ‘ 57229 0.7484  0.0065 0.04350 2.826 0.1464 0.1537 0.0994
0.4 0.1111 O .036‘7:" 5.691 0.7485 ©0.0046 ©0.04348 2.635 0.1593 0.1698 0.0692
0.5 0.0873 0.0370 s5.964 O.7485 0.0036 0.04348 2.239 0.1670 0.1787 0.0416
0.6 0.0688 0.0363 6.069 0.7485 0.0026 0.04350 1.827 0.1699 0.1780 0.0231
0.7 0.0539 0.0345 5.964 0.7480 0.0022 0.04355 1.382 0.1670 0.1658 0.0115
0.8 0.0423 _0.0320 5.460 O0.7478 0.0016 0.04365 0.908 0.1526 0.1406 0.00k2

0.9 0.0330 0.0291 4.389 0.7475 0.00135 0.04375 0.458 0.1229 0.1026 0.0010

1.0
12 13 L 15 16 17 18 19
o - - (I - I, )sin 29 == . SIMPSON'S SIMPSON 'S
, Lnax 1 2 Eex min A2 Q. MULTIPLIERS  PRODUCTS
2o bt L 4
(rt) (££).  (£t) (£t7) (££7)  (et-1ps/ft)
3.444 -0.037 +0.188 +1.502 -0.0203 -2759 1 -2759
4.262 +0.103  +0.089 +2.070 +0.0026 -3860 4 -15,440
L. 778  +0.0355 -0.022 +2.328 -0.0020 -4330 2 -8660
4.389  +0.008 -0.190 +2.050 -0.0036 -3809 N -15,236
3.709  -0.091 -0.400 +1.640 $0.0662  -3176 2 6352
i - .
! 2.71k  -0.282 .0.652 +1.106 +0.2536 -2529 N -10,11%
1.581  -0.59% -0.948 +0.598 +0.5120 -2066 2 -4132
0.489 -1.064 -1.204 +0.344 +0.6304 -1813 L ~7252 '
0 1 )
'69}91-‘7
q, = (%)(}%32)(69,9&7) = 24,481 ft.lbs.
25




The spindle torque at each blade section is now computed

S ¢ S S ’

15 _£E§7§‘£L£ sin 2¢

16 A YZ

17 Q‘c - Equation 10. The blade material is naval brass
o ! ,

The distribution of centrifugal spindle torque is next integrated over the
blade‘from”ﬁub to tip to find the total centrifugal blade spindle torque.
18 Simpson's Multiplier

19 Simpson's Product - c9lqﬁn 17 times column 18

C) LOCATION OF THE (PPTIMUM SPINDLE AXIS

An gpproximation to the optimum spindle axis location is now made
based upon blade geometry and the magnitude of the spindle torque about
the initial spindle axis. The spindle torque about this new exis location
is then calculated and, along with the previously calculated torque about
the initial spindle axis location, is used to obtain & better estimation
to the optimum spindle axis locaticn. Successive calculations are per-
formed until a sufficiently close approximation to the ortimum location
is obtained; that is, until the calculated spindle torque about an axis
is sufficiently near zero. ‘

In the example calculation, the torques about the arbitrary spindle
sxis are found to be:

Q = -36,146 £t-1b

Qc -2L,481 ft-1b
Q, + Q, = -60,627 ft-1b
Thus in an effort to find the optimum spindle axis location, the spindle

axis must be shifted scmewhat towards the rear of the blade. As an= -
approximation.to the optimum spindle axis lécation, the second spindle
axis is taken radially through the hub section at an angle of L degrees
towards the trailing edge, as measured from the initial spindle axis.

26
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This is a .shift fgom the initial spindle exis of 5.9 percent of the
hub section length.

The spindle torgue about the new spindle axis is calculated by the
same procedure as already shown for the previous spindle axis location.
The only values that have changed are the distances to the spindle axis
from various positions on the blade. For hydrodynamic biade spindle
torque, u and v are calculated by Equations 14 and 15 respectively, and
for centrifugal blade spindle torque,qY and Z are calculétéd by Equations
16 and 17, respectively.

The componenits of spindie torqgue about this second spindle axis
location are calculated to be: .

Qh + 1675 ft-1ib

Qc -.22,433 £t-1b
Qh + Qc -20,758 ft-1b

This smaller spindle torgue of the same sign indicates that the

i

lm§hift ié'in the proper direction but ic no§ great enough. A third spindle
giié location is then gaken at -6.k4 degrees'(ggh percent of the hub section
length) from the initial spindle axis. The compoﬁents of spindle torque
about this third spindle axis iocation are calculated to be:
Q’h 27,2.25 ft-1b
: Qc -23,317 ft-1b
j . Qh + Qc + 3,908 ft-1b

The total torque abcu*t this spindle axis is of reversed sign, hence

1

this location is a little too far aft elcong the blade. By plotting spindle
torque versus spindle axis lccation (see Figure 10), the optimum spindle
axis location (zero spindle torque) is seen to be 6.0 degrees (8.8 percent

hub section)aft the initial spindle axis.

CONCLUDING REMARKS
This report has outlined a workable method for calculating the spindle
torque and fof determining the optimum spindle axis location of a con- -
trollable pitch propelier at design conditions based upon two-dimensional { é

chordwise pressure distributions.




%. Such design parameters as rake, skew, blade outline, type of blade
sections, and pitch distribution are seen to influence ‘the msgnitude of
the spindle torque. The results of the example indicate that the hydro-
-dynamic component of blade spindle torque is much more sensitive to
spindle axis locatior. than is the centrifugal component.

The method of calculating the spindle torque outlined in this report
can also be applied to offedesign conditions provided that the pressure
distribution at these conditions is known. The next logical step is to
develop a method of approximating the pressure distribution at off-design
conditions and by use of the method presented in this report, tc inveéestigate
the effect of rake, skew, biade outline, type blade sections, and pitch
distribution on spindle torque over a complete range of operating conditions.
A subsequent report investigating the éffec; of these parameters over a
range of operating conditions is planned. It is felt that such an investi-
gation would greatly facilitate the design of controllable-pitch propellers

“for minimized spindle torque.
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APPENDIX

DERIVATION OF EXPRESSION FOR CENTRIFUGAL COMPONENT OF SPINDLE TORQUE
The centrifugal force on an element of blade mass, dm, is given
by (see Figure 4): .
dCF =ncw*dwe
N
dCF - pynw(dB)(da)ndy)
The component of this centrifugal force in the plane normal to a radial
axis is:
SINY dCF =pbw’-(cl2)(cln)(rzd ¥) nsINY
where X is measured from the axis in question. Thus the spindle torque

due to the centrifugal force on an element of blade mass is:

Q.= dCF siny 2z =/06w‘rz. sINY dn ndyY dZ

integrating over the sectional area:
+

A
Q. = b w"dn.//Zn.sz dZ ndy Le]
Evaluation of this integral over the .bla.de sections would be a lengthy
: . and tedious process. If swy is replaced by X the integral takes the
form of the“ broduct of inertia of the developed blade sections and thereby

.use can be made of the moments of inertia of the sections, which greatly

.

reduces, the amount of labor required to calculaté the’centrifugal 2om-
ponent of blade spindle torque. Setting ) = siN ¥, Fuation [al

becomes:
H .
Q. =/wa"dn_jfzzn.6’ dZ nd¥ - [b)

setting ¥ = nd 3

Q =ﬁbw‘d;f/hYZ dY d2
A
But [/YZ drdz = I,

[e]

[a]

 where Iyz is the product of inertia of the developed sectional area » ;

about the spindle axis as the origin of the Y & Z axes. The product of
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inertia about the spindle axis 1s now expressed in terms of the product

of inertis about the section centroid as:

=T Y 7 [e]
T, =Ty t AYZ )
The product of inertia about the section centroid is next expressed in

terms of the maximum and minimum moments of inertia through the section

centroid:

T (IFH -'IMW ) 2
IYZ - X - ) sIN o) | o]

(This is under the assumption that the major and minor axes of the section
are parallel and perpendicular, respectively, to the section chord.)
Substituting Equations [d], [e], and [f] into Eguation [c] yields the

desired relationship:

2

A
[

The negative sign is included so that the sign cenvention will agree with
that of the hydrodynamic component of spindle torque; that is, positive
spindle torques being those tending to twist the blade towards larger
positive pitch settings.

In order to give an idea of the magnitude of the error introduced’
by the approximation ¥ =sIN ¥, a comparison is made of Equations [a]
and [b] (exact and approximate solutions, respectively) evaluated over a

simple geometric section. Consider the rectangular section:

Z
2




Exact solution (Equation [a]):

Q, /waz-&cln.]?Z SINY d¥ dZ
Q. AI-?.]Z SINXJXJZ /A(z‘ XCOSX cos¥,)

QLR (EE (w73 - 3172

.Approximate solution (Equation [b]):

2,

e —pb,oznzdn/z Y d2 dy

\’z-‘

& k(EE )

-~

Exact Qo _gg__(_‘ z)(sw SJNZ—L)Z
HPPron" 423.( 2)(5'2‘3" )

Ex:z.ct Qe _ sIN? E;_a - SINZ %
F?Ppn.ox QG: (%)“_ (.é)z

. r %
lim [SJN 2“‘” SIN® l = SINY

XN N R )
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Table of

. !
Exact Q e

for

Approximate Q'c

rectangular section as function of ¥, and Xz

&)degrees
o typ #20 30 Mp 450 t60 70 8D +90
o |1.00 1.00 0.99 0.98 0.96 0.94 0.91 0.88 0.85 0.81
+10 0.99 0.99 0.97 0.96 0.93 0.91 0.88 0.85 0.81
§t20/ 0.98 0.96 0.95 0.92 0.90 0.87 0.8: 0.81
Eﬂﬁo 0.96 0.94 0.91 0.89 0.8 0.83 0.79
:;_uo 0.92 0.89 0.87 0.84% 0.81 0.77
t 50 0.88 0.85 0.83 0.80_.0.75
+ 60 » 0.83 0.81 0.78 0.73
+70 0.77 0.75 0.70
+ 80 0.71 0.67
90 0.6h4

S

These errors are, of course, larger than would occur for a blade section

with similar & and 3; » since the thickness of a usual blade section

is reduced where Y is largest.

On the propeller used in the example calculation of this report, a
maximum ) of 40° occurs (at the section at the hub). At greater radii
where the centrifugal force is larger, the maximum sectional Y¥'’s are
smaller. This indicates that the approximation Y = sle introduces an
error of less than 5% in the centrifugal component of spindle torque
for this propeller. The value of Y on controllable-pitch propellers as

a rule is not exceedingly large, since the blade width is limited by
interferences between the blades at various pitch settings and greatly
- skewed blades are not generally used. For any particular propeller, the
reader may decide whether or not the approximétion is close enough for his ‘
purpose. If not; graphical or numerical integration of Equation [a] may i-’:
be used to obtain a more accurate solution. g

.
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